G protein-coupled receptors (GPCRs) remain a major domain of pharmaceutical discovery. The discovery of GPCR lead compounds and their optimization are now structure-based, thanks to advances in X-ray crystallography, molecular modeling, protein engineering and biophysical techniques. In silico screening provides useful hit molecules. New pharmacological approaches to tuning the pleotropic action of GPCRs include: allosteric modulators, biased ligands, GPCR heterodimer-targeted compounds, manipulation of polypharmacology, receptor antibodies and tailoring of drug molecules to fit GPCR pharmacogenomics. Measurements of kinetics and drug efficacy are factors influencing clinical success. With the exception of inhibitors of GPCR kinases, targeting of intracellular GPCR signaling or receptor cycling for therapeutic purposes remains a futuristic concept. New assay approaches are more efficient and multidimensional: cell-based, label-free, fluorescence-based assays, and biosensors. Tailoring GPCR drugs to a patient's genetic background is now being considered. Chemoinformatic tools can predict ADME-tox properties. New imaging technology visualizes drug action in vivo. Thus, there is reason to be optimistic that new technology for GPCR ligand discovery will help improve the current narrowing of the pharmaceutical pipeline.
Introduction
G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptors (GPCRs), also known as 7 transmembrane helical (7TM) receptors, remain a major source of new pharmaceuticals and the focus of extensive research efforts in academia, government and pharma. Recent reviews cover the structural features of the receptors [1, 2, 17] and the chemical aspects of orthosteric [16, 18] and allosteric [88] ligands.
Among the 19 approved drug products with the greatest sales revenues at their peak year in the period up to 2013, 7 are directed toward GPCRs (Table 1) [3]. That is equal to the number of biologic drugs (non-GPCR directed) in the same category of top earners. One of those GPCR drugs, the antithrombotic drug Plavix 1 (Figure 1 ), the highest in revenues during that period, serves as a prodrug that must be activated in the liver [4] . Other GPCRrelated drugs in the blockbuster category, such as selective serotonin reuptake inhibitors (SSRIs), increase the synaptic availability of natural neurotransmitters that act at GPCRs. Since 2013, 15 GPCR-related drugs were approved as new chemical entities (NCEs) in 31 months, with exclusions as specified in Table 2 . Among these NCEs, naloxegol 12 is a derivative of a known opioid receptor (OR) antagonist that is covalently linked to a short polyethylene glycol (PEG) chain to prevent its intestinal absorption; thus, it selectively blocks opiate receptors in the gut to prevent side effects of systemic opiates [5] . Several of these new drugs treat sleep conditions: suvorexant 10 blocks two subtypes of the orexin receptor, which is a first drug in that category [6] . Approval of a melatonin receptor agonist, tasimelteon 13 followed several other approved drugs acting at the same GPCR [7] .
The GPCR field is advancing rapidly, and new paradigms for GPCR drug discovery must be considered in the larger context of drug discovery. Drug discovery for GPCR targets has encountered many of the limitations associated with a changing paradigm for drug discovery in general, and there are many commentaries on why the pharmaceutical pipeline has narrowed [84] . Classical approaches to drug discovery have waning productivity; the linear, stepwise and iterative process through which new compounds progressed is now being modified [8] . Traditionally, the target pathway involved a single mechanism, with onedimensional activity being measured. The classical approaches have not continued to yield new drugs as in past decades, despite the explosion in the number of new chemical substances accessible to researchers. The resource of greater chemical diversity has not yet led to an increase in the number of approved drugs each year, which is either declining or holding steady. Currently, new approaches to the identification of structural leads and their optimization and new technology for characterizing drug action are aiding GPCR drug discovery [12] . GPCR drug action is much more nuanced than previously recognized, and the uncontrolled variation in formerly neglected or unknown pharmacological parameters can likely lead to a lack of efficacy -or undesirable side effects -in later clinical trials [13] . In addition to directly acting GPCR modulators, many approved drugs influence GPCR action indirectly, for example SSRIs and other inhibitors of the transporter family. This commentary does not cover inhibitors of transport or generation of neurotransmitters, which have been reviewed elsewhere [14] . However, modulation of signaling and regulation pathways directly associated with GPCR activation is within the present scope.
action and guide the design of new ligands [2, 15] . Over 100 3D structures of GPCRs with either an agonist or an antagonist bound have been reported [16] . Technological advances that facilitated this revolution in the way we approach GPCRs include the stabilization of GPCR constructs by mutation and new crystallization methodogy [1, 17, 18] . Fusion proteins, such as T-4 lysozyme (T4L), thermostabilized apocytochrome b 562 (BRIL), rubredoxin and other stable protein fragments that have their C and N termini in close proximity, can be inserted, for example, in IL3 of a GPCR construct [19] . Other GPCR constructs for crystallization contain a fusion protein at the N-terminus, as was done in crystallizing a complex of the β 2 adrenergic receptor and Gs protein [20] . Strategically-placed mutations to create stabilized receptors (StaRs) allow the crystallization of either antagonist-preferring or agonist-preferring conformations of a given GPCR, and the protein variants consequently can be used like other stable proteins for biophysical studies [21] . For example, purified A 2A adenosine StaRs could be reconstituted into high-density lipoprotein (HDL) particles that were immobilized onto a gold sensor chip for Surface Plasmon Resonance (SPR) for determination of ligand affinity and binding kinetics [22] . Alternately, antibody fragments are used to stabilize the crystals; for example, nanobody 80 (Nb80) mimics a Gαs protein to stabilize the β 2 -adrenergic receptor in an active state. Covalently bound ligands also help to stabilize a GPCR complex for the purpose of crystallization [23] . Crystallization by means of the lipidic cubic phase is used widely for the X-ray structural determination of GPCRs, and novel lipids are also utilized [24] . Novel detergents, such as maltose-neopentyl glycol (MNG) amphiphiles, have been introduced for use in this context [25] . Other techniques such as single-particle negative-stain electron microscopy, NMR, mass spectrometry and molecular modeling contribute important complementary structural information [26] . Hydrogen/deuterium exchange mass spectrometry (HDX-MS) provides a measure of the accessibility or exposure of peptide bond hydrogens to the aqueous medium, which can depend on the conformation or activation state of a GPCR [27] .
Computational approaches
With many new structures available, the computational modeling of the 3D structures of GPCRs has greatly advanced [2] . Previously determined patterns of structure activity relationship (SAR) at some GPCRs have been rationalized with great precision [28] , which leads to an ability to test newly proposed small molecules in receptor docking before they are synthesized. Thus, the pharmacology of ligand binding to the same receptor that was crystallized can be extended to chemical classes not present in the crystalline complex. Also, given a closely related structural template, it is possible to model the recognition of other GPCRs that are not yet determined structurally, i.e. the A 1 adenosine receptor based on the A 2A structure [40] . The selectivity of GPCR ligands can be analyzed structurally by comparing docking at multiple receptor subtypes. Proteochemometric modeling of rat and human adenosine receptors, which represent multiple similar target receptors, has identified novel ligands based on chemical similarity [29] . Molecular dynamics is an important tool, going beyond docking to static structures, in predicting the stable interactions between ligands and their receptors [28, 30] . Assessment proved some prior modeling reports to be accurate, while others were far from accurate [31] . For example, rhodopsin was a good template for the modeling of adenosine receptors (α-branch of rhodopsin-like GPCRs) [32] , but not P2Y receptors (α-branch of rhodopsin-like GPCRs) [33] . The P2Y 12 receptor that is activated by endogenous ADP has an unusual linear and extended TM5 due to the absence of an otherwise conserved proline residue; this linearity was not effectively accommodated in earlier modeling [34] . In general, the use of data from multiple sources and techniques, such as chemogenomics, site directed mutagenesis, SAR analysis and molecular dynamics refinement, is essential for accuracy in modeling a GPCR interaction [35] . Prior to the determination of the 3D structure of the A 2A adenosine receptor, an accurate nucleoside docking mode was guided by strategically mutated neoceptors, i.e. engineered GPCRs designed to recognize complementary modifications of an agonist molecule [36] . The neoceptor approach in combination with homology modeling can potentially be used with other GPCRs that have not yet been determined structurally. At least six pairs of the same GPCR with agonist or antagonist bound suggest common conformational changes that occur upon activation, including a contraction of the orthosteric agonist site [17, 18, 32, 34] .
Bioinformatics and chemoinformatics have been applied to GPCRs [35] . Residues occurring at the same relative position on TMs of different GPCRs can have conserved function, especially within the same GPCR family, but the shape and orientation of the ligand binding site can vary widely within the upper portion of the receptor. There are two systems for classifying GPCR sequences: The GRAFS system has five categories: Glutamate; Rhodopsin; Adhesion; Frizzled; Taste2; Secretin, based purely on phylogeny rather that ligand similarity [153] . Alternatively, the IUPHAR system has six categories (A through F), some of which correspond to individual GRAFS categories. The three families most relevant to drug discovery are: A (rhodopsin-like), B (secretin-related) and C (glutamate/GABArelated), and their early evolution has been studied [153] . A database listing >500,000 experimentally-validated GPCR-ligand associations is available on the web [37] . Large scale in silico screening of diverse molecular libraries by receptor docking has been relatively successful in discovering new chemotypes to bind to a given GPCR, especially those related to the α-branch of rhodopsin-like GPCRs [38, 39] . For example, antagonist hits with affinities as substantial as the low nM range at A 1 18, A 2A 19, and A 3 20 adenosine receptors, D 3 dopamine receptor 21, β 2 -adrenergic receptor 22 were discovered by this method with screening success rates typically in the range of 30-40% (Figure 2 ) [113, 150, 156] . Biophysical mapping of the binding site of the A 2A adenosine receptor was used to design new antagonists [22] . Fragment-based screening has also been applied successfully to GPCRs, for example in the discovery of selective A 2A antagonist 23 [41, 132] . Curiously, in some cases, library screening might provide more successful hits at other subtypes within the same GPCR family than at the subtype used as a docking template [40] .
Chemically diverse sources of lead molecules
With detailed knowledge of the binding sites of many GPCRs attainable, in silico screening for novel GPCR ligands can be applied to various large datasets with high efficiency in comparison to robotic pharmacological screening. For example, the Zinc database of commercially available compounds now contains >6 million entries [9] , which can be used for in silico screening [10] . GPCR-targeted and GPCR-modulating combinatorial chemotype libraries, including those synthesized on chips, are available [11] . Natural products were the oldest source of new medicines, but the use of natural product libraries for drug discovery has been de-emphasized in recent years. This situation might be reversed with recent efforts to discover GPCR ligands. For example, flavonoids, such as A 3 adenosine receptor selective antagonist MRS1067 24 ( Figure 2 ) and other phytochemicals, in addition to the alkylxanthines, are a source of atypical adenosine receptor antagonists [42] . Protease-activated receptor (PAR)1 antagonist vorapaxar 8 was discovered following off-target screening of derivatives of the alkaloid himbacine, being sought as muscarinic receptor antagonists [43] . The incidental thrombin inhibitory activity at PAR1 was then optimized leading to this approved antithrombotic agent (Table 2) . Recently, Gordonoside F 25, a pregnane steroidal glycoside from an African cactus that was used as an herbal medicine for weight loss, was found to activate G protein-coupled receptor 119 (GPR119) to improve glucose tolerance [44] . Although not a likely source for drug discovery, it is noteworthy that the gut microbiome produces a range of phytochemical metabolites, some of which interact with GPCRs [45] . Curiously, some of the protective effects of nutrient omega-3 polyunsaturated fatty acids might involve interaction with the free fatty acid receptor 4 (FFA4, GPR120) in anti-inflammatory M 2 macrophages in adipose tissues and liver and in human prostate cancer cells [46, 47] .
New pharmacological dimensions

Diversity of GPCRs and their action
7TM proteins are the largest single family of proteins, corresponding to ~4% of those coded by the human genome. Most of the roughly 400 nonolfactory, human GPCRs have not yet been exploited as pharmaceutical targets [141] . There are still ~120 orphan GPCRs for which the endogenous ligand is unknown, but even for hundreds of nonorphan GPCRs there is still untapped potential. Formerly orphan GPCRs that are deorphanized, such as GPR40, GPR119 and GPR120, are proving useful in drug discovery [44, 46, 51] . Molecular modeling predictions have contributed to the deorphanizing of GPCRs [152] . There are newly explored pharmacological parameters that will contribute to a more selective action of drugs at GPCRs. These dimensions include: biased ligands, allosteric modulators, residence time, polypharmacology, receptor antibodies, and pharmacogenomics of GPCRs. Characterization of these parameters for new compounds promises to be a means of discovering more efficacious GPCR drugs with fewer side effects. Also, it is important to recognize that the effects of native GPCRs may not always be extrapolated from in vitro data; the appropriate selection of model in vivo systems and organisms is important [48] . Furthermore, the expression pattern and physiological roles of a given GPCR can be altered in a disease state [141] . Also, the effects of acute versus chronic drug administration can be differ or even be opposite [49] .
Pleiotropic signaling of GPCRs
The pleiotropic effects of GPCRs and their dynamic signaling through multiple effector pathways are more complex than previously recognized [50] . Receptors that were previously associated with one particular activity in the body have been found to govern seemingly unrelated functions, thus suggesting new therapeutic concepts. For example, examination of the effects of GPR40, a diabetes target also known as FFA1, in the CNS suggests an application in pain control, in addition to its previously established interest in the context of enhancing glucose-stimulated insulin secretion by free fatty acids [51] . An example of renewed interest in a previous GPCR target that had resulted in an approved drug that was later withdrawn is that of the cannabinoid receptors, which are now being explored for neuroprotection, inflammation and osteoporosis [52] . GPCR drugs for improvement of quality of life are also under development, such as mixed serotonin receptor 5HT 1A agonist and 5HT 2A antagonist flibanserin 26 for treatment of female hypoactive sexual desire disorder [53] . Newly revealed biological actions of previously underexplored GPCRs, such as the hundreds of olfactory receptors [106, 145] and a 33-membered family of adhesion GPCRs [54] , are providing new avenues for translational development.
Among the many signaling pathways, GPCRs can regulate activity of ion channels and kinases, which affect secretion, proliferation and cell survival. There is also a range of other signaling proteins that are physically associated with GPCRs, such as the nucleotide exchange factor ARNO/cytohesin-2 [89] . Each of the signaling pathways might have its particular kinetics and cellular localization. Under different circumstances, the same receptor might either induce cell death or promote proliferation and protect from cell death [55] . For example, the spectrum of activity of A 2B adenosine receptor agonists is a complex mixture that varies for different ligands [56] , and the relation to disease treatment is unclear. There are seemingly contradictory reports that either A 2B agonists or antagonists might be useful for treating the same condition, such as diabetes or cancer [57] . The in vivo probing of specific effector pathways induced by a given GPCR can be studied using engineered designer receptors exclusively activated by designer drugs (DREADDs), which recognize a synthetic ligand (clozapine-N-oxide 27), but not the native ligand and are coupled selectively to Gi, Gs or Gq [58] . DREADs can be introduced into specific tissues in vivo using viral vectors.
In addition to complex signaling, the regulation of GPCR trafficking and desensitization is also multifactorial. β-Arrestin mobilization is a major non-G protein-dependent signaling pathway of GPCRs as well as inducing desensitization and internalization [158] . The concept of biased ligands was originated with the proposal that G protein-dependent and independent (i.e. β-arrestin-mediated) pathways have different biological sequelae [59] ( Figure 3 ). Therefore, compounds that select a pathway by preference for a given GPCR conformation would be cleaner in their therapeutic actions. The presumption is that the receptor exists as an ensemble of conformations, each of which has specific efficacy and signaling parameters. β-Adrenergic receptor antagonists carvedilol 28 and nebivolol 29 are actually β-arrestin biased agonists; thus, an action independent of Gαs stimulates extracellular signal-regulated kinase (ERK) and NO production [59, 60] . Two GPCR biased agonists have already progressed into Phase II clinical trials: a β-arrestin-biased TRV027 31 of the angiotensin II type 1 receptor (AT 1 R) for cardiac failure [61] and µOR G i -biased TRV130 32 for postoperative pain [62] . Side effects are avoided by eliminating the other signaling pathway: G protein-dependent signaling through the AT 1 R is associated with cardiac hypertrophy induced by angiotensin II 30, and β-arrestin-dependent signaling through the µOR is associated with depression of respiratory and intestinal activity induced by unbiased agonist morphine 33 ( Figure 4 ). Another study sensed conformational changes induced by an angiotensin II analogue that was earlier deemed to be G protein-independent [157] . The peptide still had G protein-dependent effects but that unlike those of the native agonist, suggesting that the precise pharmacological signaling profile of 'biased agonists' may be assay-dependent. cAMP-biased agonism at the A 3 adenosine receptor has been demonstrated [63] . In addition to synthetic agonists engineered for bias, endogenous GPCR ligands may show signaling bias, as demonstrated for several endogenous neuropeptides that activate the µOR [64] . A current research goal is to correlate ligand bias with structural interaction with the GPCR conformation, which has been reported in a few cases, such as 5HT receptors [65] . A "competitive" model for quantitating the degree and direction of bias of GPCR agonists has been introduced [66] .
The physical association of β-arrestin with the β 2 adrenergic receptor following phosphorylation by a GPCR kinase (GRK) has been visualized [26] . However, the roles of individual phosphorylation sites in desensitization may be complex and even dependent on specific agonists. For example, Ala mutation of various Ser or Thr sites on the C-terminal tail of the µOR has differential effects on desensitization induced by morphine or metenkephalin [69] . Signaling bias in GPCRs can occur within one category of pathways, such as different β-arrestins. An analogue 35 of parathyroid hormone (PTH), in comparison to native PTH 36 (structures not shown), displayed bias between different pathways of arrestinsignaling as detected by multiple informatic analyses of the "in vivo transcriptomic signature" [70] . Bias within the G protein dependent pathway is also possible. A biased, small molecule agonist GUE1654 34 of the Gi/o-coupled lipid receptor for the chemoattractant 5-oxo-6E,8Z,11Z,14Z-eicosatetraenoic acid (5-oxo-ETE), known as OXE-R, activated Gβ,γ-but not Gα-dependent pathways [149] .
The phosphorylation of GPCRs, dependent on protein kinase A (PKA), might also switch the preferred G protein coupling, for example from Gs to Gi as a putative feedback mechanism [158] . PKA phosphorylation is also reported to switch the recycling pathway of a GPCR and its partitioning into distinct endosomal domains [159] . The physiological significance of these switching mechanisms is yet to be explored.
Inhibitors of specific GRK isozymes have been studied as regulators of GPCR action and their translational potential demonstrated. GRK2 is up-regulated to alter adrenergic signaling and is a contributor to cell death in patients suffering from heart failure (HF). The β,γ-subunits of the G protein can recruit GRK2 to phosphorylate and downregulate β 2 -adrenergic receptors, which in the chronic state can lead to HF. Thus, inhibitors of the association of Gβ,γ and GRK2, including M119 37 and galleon 38, are of interest for treating HF [71] . The SSRI paroxetine 39, but not the SSRI fluoxetine, inhibited GRK2 with selectivity over other GRKs [72] . Paroxetine induced greater protection than treatment with a β-adrenergic antagonist in mice following myocardial infarction. GRK2 inhibition in other organs might augment the clinical benefit in HF, for example, GRK2 activity in the adrenal gland can lead to sympathetic hyperactivity, which contributes to HF [73] . Differential scanning fluorimetry was used to screen a collection of diverse, known protein kinase inhibitors that could increase the melting points, and thus form stable complexes with the two most ubiquitously expressed GRK isozymes: GRK2 and GRK5 [74] . Indazole/ dihydropyrimidine derivatives, such as GSK180736SA 40, and pyrrolopyrimidine derivatives, such as GSK2163632A 41, were found to inhibit various GRKs with varying selectivity. Amphipathic modulators of sweet and bitter taste, i.e. tastants such as saccharin 42, were found to amplify the Gs-dependent response to β-adrenergic agonist isoproterenol by inhibiting GRK2 [75] . GRK2 and possibly GRK3 promote agonist-induced µOR desensitization [76] . Compound101 43 inhibited agonist-induced µOR phosphorylation at Ser375 and subsequent arrestin translocation and receptor internalization in the brain.
In addition to β-arrestin, a variety of other regulators of GPCR action are known. For example, regulators of G protein signaling (RGS) proteins inhibit G-protein-dependent activity through direct contact with the Gα subunit to enhance its GTPase activity [77] . The degree of regulation of the M 3 muscarinic acetylcholine receptor by RGS proteins can be dependent on the GPCR ligand [78] . Selective inhibition of RGS4 by thiadiazolidinone derivatives of nM potency such as CCG-203769 44 shows promise for the treatment of Parkinson's disease [79] . Inhibition of RGS6 might be a future, multifold treatment of alcohol abuse, through control of dopaminergic signaling in the brain, with associated protection of the liver and heart [80] . R7 regulator RGS-binding protein (R7BP) is an allosteric inhibitor of R7 RGS in the brain, a process that requires palmitoylation of R7BP [81] . Palmitate turnover, which can be inhibited chemically, promotes distribution to the plasma membrane of palmitoylated R7BP, which by removing the associated RGS from the Gα protein, delays closure of G protein-regulated inwardly rectifying K + (GIRK) channels that are activated by Gi/o. Thus, the manipulation of palmitate turnover to indirectly regulate GPCR signaling might have utility in treating neurological disorders.
Intracellular signaling
The canonical mode of GPCR signaling arises from activation of a receptor located on the cell surface, i.e. to transmit an extracellular chemical signal to the cytosolic side. However, GPCRs can signal from inside the cell or during the internalization process, and various compartments, including clathrin-coated pits and early and late endosomes, have different signaling preferences [118, 119] . Agonist-induced internalization of GPCRs, previously associated with desensitization has to be redefined to include active, intracellular signaling through both G-protein dependent and arrestin-dependent processes ( Figure 9 ). In principle, by changing the physicochemical properties of a ligand, one can alter its distribution on and within the cell. A combination of diffusion-, transporter-or receptor-mediated internalization might occur [120] . It remains to be demonstrated if one can manipulate the rate of internalization and recycling/degradation by pharmacological intervention. Thus, modulation for therapeutic purposes of the processing of GPCRs within the cell and of cycling of GPCRs between endosomes and the cell surface is a yet unfulfilled concept.
Efficacy and residence time as predictive parameters
Pharmacological efficacy of GPCR ligands is measurable in model systems, but the maximal relative efficacy achievable with the same ligand is variable under different conditions. Pharmacological efficacy, as characterized in model cell systems, can influence in vivo activity and eventually clinical efficacy, which if deficient is a major source of failure in clinical trials. Therefore, more predictive studies of efficacy are needed. Partial agonists, i.e. activating a GPCR but not achieving the maximal magnitude of a biological effect known for other ligands, in some cases are preferable over full agonists or antagonists. For example, the antipsychotic drug aripiprazole 3a has fewer side effects than the D 2 dopamine receptor inverse agonist haloperidol 45, in part because of the partial agonism of 3a at the D 2 receptor [82] . Brexipiprazole 3b is of similar structure and D 2 dopamine receptor activity and used for the same indication. Also, A 1 adenosine receptor agonists that are partial have fewer side effects than full agonists in the treatment of cardiac arrhythmias [83] . This is ascribed to the differential density of the receptor in different tissues, such that a full effect can be achieved only when spare receptors are present. GPCRs often display constitutive activity (basal activity of the receptor in the absence of an agonist), which is reduced by inverse agonists but not neutral antagonists. Many of the GPCR antagonists reported are actually inverse agonists. Consequently, there can be significant differences between neutral antagonists of GPCRs and inverse agonists, depending on whether there is a basal level of constitutive activation of the receptor [84] , although this pharmacological distinction, detected typically in cell systems, has to be validated in vivo.
Residence time, an experimentally measured t1/2 of a drug-target complex, is another intrinsic parameter associated with each ligand-receptor complex that can be predictive of in vivo efficacy [85, 103] . This parameter is mathematically related to but actually independent of affinity. Thus, it is informative to probe the structure-kinetics relationship (SKR) of a compound class along with the SAR. Simplified kinetic methods based on two standard time points in radioligand dissociation experiments have been described for measuring residence time. The shape of the radioligand association curve upon co-incubation with unlabeled competitor varies according to the relative dissociation rates of the two ligands, and this can be used to determine the GPCR residence time [85] . Nevertheless, the residence time will be affected by the membrane environment and other assay conditions, and current assays do account for conformational changes induced by ligand binding that can affect residence time [154] .
An example of a drug that has a long residence time that might be responsible for its therapeutic success is the bronchodilator tiotropium 46 [85] . This compound dissociates slower from the M 3 muscarinic acetylcholine receptor than from other muscarinic receptor subtypes. In binding, tiotropium is not M 3 -selective in comparison to binding at the M 1 and M 2 muscarinic acetylcholine receptors, so the kinetic data is the only pharmacological explanation for this in vivo selectivity ( Figure 5 ). The M 3 receptor structure shows a protrusion covering the bound tiotropium ("tyrosine lid") deep in the orthosteric site [30] . The long duration of action of this compound might be related to this physical barrier to dissociation. Characterization of SKR was used to identify antagonists such as 47 (Risomer) with a long residence time in binding to the chemokine ligand 2 (CCL2) receptor [87] .
Allosteric modulation of GPCRs
Allosteric ("different site") modulators bind to a secondary site on a GPCR, either not involving any of the amino acid residues required to coordinate the endogenous ligand in binding at the orthosteric ("same site", location of the bound native ligand) binding site, or with limited overlap (Figure 6 ) [88] . Small molecule allosteric modulators can tune, either positively (as a positive allosteric modulator, PAM) or negatively (as a negative allosteric modulator, NAM), the effect of a native agonist, which might be released in response to stress in an organ. For example, ischemia causes the local release of adenosine that feeds back by activating adenosine receptors to protect the tissue from stress. The presence of a PAM would magnify the effect of the endogenous agonist. In this manner, greater site and event specificity of the desired pharmacological effect is achieved with a PAM in comparison to an orthosteric agonist [89] . The modulation of the effects of an orthosteric agonist could be either with respect to either maximal efficacy or potency, or a combination thereof [86] . It is also possible to achieve allosteric agonism, i.e. to activate the receptor from a different binding site and independently of the endogenous agonist, such as TAK-875 52 at GPR40. Allosteric modulation of GPCRs is probe-dependent, i.e. the same modulator can have entirely different effects on two different agonists of a GPCR [88] . Thus, a given allosteric modulator has to be tested against the endogenous agonist to predict its in vivo effects. Experimental methods for determining allosteric modulation and functional selectivity of GPCR ligands have been described [90] .
Allostery in GPCRs is recognized as a major direction in GPCR drug discovery, and specific methods have been developed for discovery of small molecule PAMs and NAMs [91] . For example, allosteric modulation of the metabotropic glutamate receptor 5 (mGluR5, PAMs and NAMs [110] ) and γ-aminobutyric acid receptor B (GABA B R, PAMs [108] ) is being explored mainly for CNS disorders, and other allosteric modulators such as GLP-1R PAMs are intended for treating diabetes and other conditions [92] [93] [94] . The identification of the first allosteric GPCR modulators was empirical, decades before the receptor structures were elucidated, and in some cases we now understand their structural basis. Five X-ray structures of GPCR allosteric complexes can be compared ( Figure 7 ): muscarinic acetylcholine (Family A), corticotropin releasing hormone 1 (CRF 1 , Family B), mGlu 1 (Family C), P2Y 1 receptors (Family A) and GPR40 [92, 96] , with bound allosteric modulators, LY2119620 (PAM) 48, CP-376395 (NAM) 49, FITM (NAM) 50, BPTU (NAM) 51 and TAK-875 (PAM, allosteric partial agonist) 52, respectively. In each case, the location, relative to the orthosteric site is different. NAMs of mGluR 5 , GABA B -R and other Family C GPCRs bind at a site deep within the TMs corresponding roughly to the orthorsteric site of family A GPCRs [93] , while the orthosteric site in Family C is on an extracellular protrusion with the shape of Venus fly trap. The M 3 muscarinic acetylcholine receptor has an outer vestibule that was shown by X-ray crystallography to be a binding site for allosteric modulators such as 48, as confirmed in the structure with two ligands bound [30] . The P2Y 1 receptor that is activated by endogenous ADP has an unusual site for allosteric modulation that is located on the outer surface of TMs 2 and 3, in contact with the phospholipid bilayer [33] . For this reason, antagonists of the urea class, including 51, are necessarily hydrophobic, because they approach the binding site from a nonaqueous environment. An X-ray structure of GPR40 shows an allosteric partial agonist 52 bound in the contact region between two helices and protruding into the membrane [97] . BETP 53, a PAM of the GLP-1R 6 located on pancreatic β-cells, was found to bind covalently to a Cys residue in the intracellular loop (IL) region (cytosolic end of TM6) where the G protein binds [94] . Small molecular PAMs of the δOR were recently discovered by high throughput screening using a β-arrestin recruitment assay [95]. In silico screening was applied to the identification of NAMs of the GLP 1 R, which belongs to Family B [148] and dopamine receptors [39] .
Pepducins, which are peptides corresponding to sequences found on the inside surface of GPCRs, can allosterically stabilize the active state to induce receptor-G protein signaling [96] . One such pepducin for PAR1 corresponds to the H8 helix that is parallel to the plane of the membrane and a "tyrosine propeller" found in TM7. In addition to pure allosteric modulators, normally orthosteric ligands might bind to multiple sites on the same receptor, called metastable or 'meta-binding' sites as proposed using earlier modeling methods [13] , which might have their own modulatory effects. PAMs of the A 3 adenosine receptor were shown to display signaling bias and the ability to restore full activity to an agonist-derived antagonist, i.e. a nucleoside that was reduced in efficacy in stages to become an antagonist [86] . Bitopic ligands, also described as 'dualsteric', bridge two different sites on a single GPCR, such as an orthosteric agonist site and an allosteric enhancer site [98, 128] . A biotopic antagonist of the M 2 muscarinic receptor demonstrated that the orthosteric binding portion directs the allosteric moiety to establish its subtype selectivity [147] .
Oligomerization of GPCRs
The physiological relevance of GPCR dimers, both hetero-and homodimers, versus GPCR monomers, is under debate [99, 100] . Family C GPCRs, such as mGluRs are active only in the dimeric state, and the conformation at the interface can transmit allosteric effects [101] , and GABA B receptors require a functional heterodimer of subtypes 1 and 2. Other GPCRs such as rhodopsin-like GPCRs can also act either in monomeric or dimeric form. In model cell systems, video imaging on sub-second time scales of single fluorescent-molecules can detect the dynamic equilibrium between GPCR monomers and their homodimers [102] . The dissociation rate constant of GPCR homodimers in mammalian cell membranes is typically 10 sec −1 . The presence of dimeric GPCRs has now been demonstrated in living tissue by biophysical and biochemical methods [99] . Dimers themselves may associate to form heteromeric assemblies of four or more GPCR protomers, which may interact functionally [104] . The stoichiometry would require one G protein for every two receptor protomers in association. Moreover, the contact region between GPCR protomers, for example in the intracellular loops [105] , conducts allosteric modulation. In some documented examples, the dimeric interface allows a negative cooperativity [100] . Thus, if two ligands bind to the dimeric pair, the activity of the neighboring protomer could be suppressed. It is conceivable that a high concentration of a given GPCR agonist could have a less pronounced biological effect compared to a lower concentration, due to the occupancy of protomers in association. The interplay of these effects could greatly complicate interpretation of pharmacological data and affect the in vitro and in vivo efficacy of a GPCR agonist. Nevertheless, drugs that might favor either GPCR dimers or GPCR monomers are under consideration for development. An effort is underway to develop drugs that block the activity of heterodimers of AT 1 R and CCR2 receptors for the treatment of chronic kidney disease [107] . Postsynaptic heterodimers of A 2A adenosine and D 2 dopamine receptors are present in the striatum and are thought to be important in the intended use of A 2A adenosine receptor antagonists for Parkinson's disease treatment. Presynapic heterodimers of A 2A and A 1 adenosine receptors also are proposed to play a role [104] . Portoghese and colleagues have developed small molecule agonists such as INTA 54 that is reported to selectively activate κOR heteromers (κ-µ and κ-δ) in contrast to monomeric or homodimeric receptors [109] . These compounds are suggested to have reduced addiction risk.
Various research groups have introduced tethered ligands that are intended to bridge neighboring GPCR protomers [38] . The tethering approach to simultaneously modulate the activity of dimers and/or gain selectivity for dimeric GPCRs is limited by the relatively high molecular weights needed to achieve efficient binding and by the uncertainty of the spatial relationship of the two binding sites. A different approach to tethering multiple GPCR ligands using a peptide nucleic acid (PNA) scaffold of tunable distance was recently reported [111] . XAC, an amine functionalized congener of xanthine antagonists of the A 2A receptor, was spaced at predetermined distances on the rigidified scaffold, and the consequent increases in affinity were suggestive of simultaneous binding to receptor multimers Nanocarriers have been used to target GPCR ligands or to alter their pharmacological profile [112, 113] .
Polypharmacology of GPCR ligands
Polypharmacology, i.e. the ability of a ligand to interact with multiple targets in cells, is recognized as both an advantage and an impediment in drug discovery. Recent exhaustive and comprehensive studies of drug molecules and their diverse interactions demonstrated that target diversity is common for approved drugs, and some of the unanticipated pathways detected through modeling and broad screening could affect drug action [114, 115] . The discovery of new targets for existing GPCR drugs could lead to drug repurposing, a current area of concentration for NIH [116] . The binding of a series of sterically constrained nucleosides at various GPCRs, as determined empirically, was analyzed showing consistent structural association [35] , which can now be used to modify the ligands to augment or diminish polypharmacology. Thus, the rational engineering of polypharmacology of GPCR ligands to allow interaction with multiple receptors (even independently of the concept of dimeric GPCRs) or with additional non-GPCR targets is underway. For example, donecopride 55 is a dual acting molecule discovered for the potential treatment of Alzheimer's disease (Figure 8 ) [117] . It is a chimeric small molecule incorporating elements of a known agonist of the 5HT 4 serotonin receptor 56 and an inhibitor of the enzyme acetylcholinesterase 57, the simultaneous inhibition of which would be complementary as a treatment approach.
Biologic ligands
Some of the newly approved parenteral GPCR drugs are large peptides, such as parathyroid hormone. In addition to peptide agonists and antagonists, monoclonal antibodies are under development for modulation of GPCR action. Although it is conceptually and operationally simpler to administer a small molecule GPCR drug, GPCR-directed monoclonal antibodies may present advantages of a narrow mode of interaction with a receptor. Monoclonal antibodies can modulate the activity of GPCRs in either a positive or negative fashion and, in theory, with biased or non-biased signaling ( Figure 10 ) [121] . Thus, such antibodies could be considered allosteric modulators of GPCRs that are biologic, as opposed to small molecules considered above. The theoretical possible modes of application of GPCR antibodies can even include selectivity for GPCR hetero-or homodimers [121] . An example of a negatively acting GPCR antibody is a sphingosine 1-phosphate (S1P 3 ) receptor antagonist that has been shown to slow the growth of breast tumor cells [122] . Although it has been notoriously difficult to obtain specific antibodies against GPCRs for experimental pharmacology, numerous GPCR antibodies are already in clinical development. One such antibody that is directed toward the chemokine receptor CCR4 is already approved for treatment of adult T cell leukemia in Japan [123, 124] . A preponderance of GPCR monoclonal antibodies, intended for treatment of cancer, inflammation or viral infection (at viral co-receptors such as CXCR4 and CCR5), work via chemokine receptors. In general, the therapeutic advantages of GPCR antibodies over small molecules remain to be documented.
Pharmacogenomics of GPCRs
Genetic discoveries and the human genome mapping have influenced the development of GPCR ligands. Pharmacogenomics of GPCRs, in which drug substances are tailored for a particular genetic variant of a GPCR or other protein involved in GPCR signaling, would avoid a "one-size fits all" result in the clinic [125] . This might increase efficacy and reduce side effects in cases of pharmacologically important, naturally occurring GPCR sequences or splice variants. Personalized medicine is also designated as an area of focus in NIH. Genetic variation leading to altered pharmacology in GPCRs has been studied. For example, several rare variants of the P2Y 12 receptor lead to bleeding diatheses [126] . There are also differences in enzymes that are required to activate prodrugs. For example, roughly one third of the population is genetically impaired in the 2C19 isoform of CYP450s that activates the P2Y 12 receptor prodrug Plavix (clopidogrel 1) in the liver [4] . Thus, the effectiveness of a given drug may be highly variable depending on genetic background. Insulin secretion in type 2 diabetes patients was improved by yohimibine (α 2A adrenergic receptor antagonist) administered to carriers of a single-nucleotide polymorphism (SNP) of the α 2A adrenergic receptor that causes defective β-cell function [127] . Genetic variants of the unsaturated fatty acid receptor GPR120 have differential effects on obesity, both in humans (e.g. obesityassociated p.Arg270His mutation) and dogs, which can have implications for therapeutics and nutrition [48] . The encoding of µOR variants by the gene Oprm1 is subject to extensive alternative splicing, including C-terminal truncations. Curiously, the analgesic activity of 3-iodobenzoyl-6β-naltrexamide (IBNtxA, 58) in models of thermal, inflammatory, and neuropathic pain does not require the full length µOR that contains seven TMs, but rather acts through 6TM-truncated µOR splice variants [129] . This was demonstrated by the rescue of IBNtxA-induced, but not morphine-induced, analgesia in mice lacking all variants of Oprm1 by the expression in the brain of a virally encoded, truncated 6TM construct, mMOR-1G. The level of expression of a GPCR can be used as a biomarker to predict the efficacy of treatment with an agonist of that receptor, as shown during clinical trials of A 3 adenosine receptor agonist IB-MECA (piclidenoson) 59 for autoimmune inflammatory disease, including rheumatoid arthritis [130] . Thus, the tailoring of GPCR drugs to a patient's genetic background is in the early stages of feasibility.
Novel screening and assay approaches 4.1. In vitro characterization
Newly developed in vitro and in vivo assay and screening approaches are accelerating the discovery of new leads for GPCR ligands. These approaches include fluorescence-based screens in cells or membranes [131] , bioluminescence resonance energy transfer (BRET)-based biosensors [91] , and label free drug discovery [133] . For example, the G protein α (energy donor) and γ (energy acceptor) subunits may be labeled with matched fluorescent proteins to achieve a BRET signal when activated by a GPCR [157] . A convenient method for achieving a BRET signal is by using a fluorescent small molecule ligand containing a fluorophore such as BODIPY in cells that express a bioluminescent protein (NanoLuc) fused to the N-terminus of the GPCR [155] . BRET has been used to identity biased effects and/or allosteric and multimeric association of GPCRs [92] .
For GPCRs that lack effective radioligands and for some receptors that have them, fluorescent agonists and antagonists have been shown to be useful [131, [134] [135] [136] . Although the covalent attachment of a fluorophore may work well for peptide GPCRs, for small molecular ligands, such as biogenic amine GPCRs, this requires a much more difficult chemical process. It is necessary to first sample SAR to locate an insensitive site on the molecule and then to determine a suitable tethering chemistry for unambiguous derivatization that maintains or improves upon the affinity of the lead molecule [113] . This process might necessitate a multistep synthetic route, often starting with an early synthetic precursor molecule. Now, molecular modeling of ligand recognition at a given GPCR can simplify the process of locating an attachment site [28, 135] . Fluorescent GPCR ligands may be used in membranes or in whole cells with flow cytometric detection and can detect association of a GPCR protein with the other proteins [134] . They can be used as tracers for measuring competitive binding of ligands. For example, a high affinity P2Y 14 receptor antagonist 60 (K i 80 pM) was shown to have very low nonspecific binding in flow cytometry of mammalian cells overexpressing the receptor and could be used to determine the affinity of other ligands [135] .
A chemiluminescence complementarity assay for β-arrestin mobilization can be adapted to each GPCR and used for screening agonists, for example at the A 3 adenosine receptor [63] .
In this engineered PathHunter cell line, a small peptide fragment from the enzyme β-galactosidase is fused to the GPCR of interest (including orphan GPCRs), and a complementing fragment is fused to β-Arrestin2. A fluorescent agonist of a GPCR can be used to follow the internalization of the receptor [136] . Yeast-based fluorescent reporter systems are useful as functional biosensors for GPCR activity, especially with an improved fluorescent protein and engineered Gα receptor, as applied recently to the 5HT 1A serotonin receptor [137] . SPR is useful for compound screening when the receptor can be immobilized on a gold surface [22] . Epic dynamic mass redistribution and changes in electrical impedance of a cell monolayer induced by the GPCR activation can be measured [142, 143] . Such label-free methods can also be used to detect GPCR heteromerization, as well as for ligand screening. GPCRs that are fused to ion channels and expressed in Xenopus oocytes have provided functional screens of ligands even when an additional fusion protein such as T4L is present in IL3 and would prevent G-protein coupling [138] .
In vivo characterization
New approaches are also useful for vivo characterization of GPCR drugs. Chemoinformatics is useful in the prediction of absorption, distribution, metabolism, and excretion (ADME) and toxicological (Tox) properties of GPCR ligands that are to be used in vivo [139] . Within a family of adenosine derivatives that all display high selectivity at the A 3 adenosine receptor, primary phenotypic screening in vivo was used to identify candidate compounds with favorable efficacy in pain models and was predictive of ADME properties [146] . For advanced candidate GPCR drugs in clinical development, imaging by positron emission tomography (PET) is useful to correlate the degree of occupancy of a receptor with the dose needed to elicit a desired biological effect. PET can be used to predict the therapeutic window between the dose that gives minimal receptor occupancy and a toxic dose. An example involves use of a 11 C-labeled selective A 2A receptor antagonist to image the receptor binding of a mixed A 1 /A 2A receptor antagonist ASP5854 61, a candidate for treatment of Parkinson's disease [140] . A roughly 85% occupancy of the striatal A 2A receptor was found to be needed to produce the desired in vivo anticataleptic effect.
Conclusions
In conclusion, there is reason to be optimistic that new approaches, technologies and efficiencies for GPCR ligand discovery will help improve the current narrowing of the pharmaceutical pipeline. The discovery of GPCR lead compounds and their optimization are now structure-based, thanks to advances in X-ray crystallography, protein engineering and biophysical techniques. New pharmacological approaches include: allosteric modulators, biased ligands, GPCR heterodimer-targeted compounds, manipulation of polypharmacology, receptor antibodies and tailoring of drug molecules to fit GPCR pharmacogenomics. Measurements of kinetics and drug efficacy can predict clinical success. With the exception of inhibitors of GRKs, targeting of intracellular GPCR signaling or receptor cycling for therapeutic purposes remains a futuristic concept. Tailoring GPCR drugs to a patient's genetic background is now being considered. New assay approaches are more efficient and multidimensional: cell-based, label-free fluorescent assays, and biosensors. Chemoinformatic tools can predict ADME-tox properties. New imaging technology visualizes drug action in vivo. Other structures that are mentioned in the text, including ligands discovered by in silico screening, through receptor docking of diverse molecular libraries and modulators of signaling pathways. GPCR agonists may be biased for either G protein-dependent or β-arrestin pathways. Other forms of bias are also possible, such as distinguishing between different G proteins [144] . A Gi-biased agonist of the µOR compared to morphine, which also acts through the arrestin pathway [62] . GPCR residence time may be measured using radioligand dissociation [85] . An example of this phenomenon, i.e. a long-acting M 3 muscarinic acetylcholine receptor agonist 46. X-ray structures of complexes of GPCRs (green ribbon structures, shaded by TM number) and their allosteric modulators (shown in pink) [92, 33, 97] . PDB accession numbers are: A. GPCR signaling can occur during the endocytic process [118] . The G protein-dependent pathway is, for example, stimulation of cAMP production, and the arrestin pathway includes stimulation of MAPK. Some internalized GPCR proteins are recycled to the surface to restore signaling. Table 1 Top selling pharmaceuticals that act, directly or indirectly, via GPCRs ( Biochem Pharmacol. Author manuscript; available in PMC 2016 December 15.
